Background--Left atrial (LA) size, a marker of atrial structural remodeling, is associated with increased risk for atrial fibrillation (AF) and cardiovascular disease (CVD). LA function may also relate to AF and CVD, irrespective of LA structure. We tested the hypothesis that LA function index (LAFI), an echocardiographic index of LA structure and function, may better characterize adverse LA remodeling and predict incident AF and CVD than existing measures.
I
ncreased left atrial (LA) size and impaired phasic function are distinct echocardiographic phenotypes that capture different aspects of LA remodeling. 1 Measures of increased LA size, including anteroposterior LA diameter, area, or volume, are measures of LA structural remodeling. 1 Adverse atrial structural remodeling has been associated with cardiovascular disease (CVD) and atrial fibrillation (AF) risk factors, including advancing age, hypertension, and diabetes mellitus. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Although measures of LA structural remodeling have been associated with incident AF and CVD, associations have been modest, and these measures do not incrementally improve clinical AF and CVD risk prediction tools. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 14, 15 Intermediate phenotypes that characterize functional LA remodeling may potentially enhance AF and CVD risk prediction. Recent reports have emphasized that impaired LA phasic function is associated with incident and recurrent CVD and AF, independent of LA size. [16] [17] [18] [19] However, the incremental predictive value of functional LA remodeling over clinical prediction models is currently unknown. Furthermore, LA function is strongly correlated with LA structure and is also influenced by left ventricular (LV) systolic function. 9, 20 In this context, the LA function index (LAFI) has been advocated as a composite echocardiographic measure of both LA structure and function that also adjusts for LV systolic function. 21 LAFI can be derived using LA and LV measures obtained routinely as part of standard 2-dimensional echocardiography. 21 Recent data suggest that LAFI is strongly associated with risk for developing AF recurrence, heart failure, and stroke in select CVD-based samples. [22] [23] [24] [25] We recently reported on the distribution of LAFI as well as its clinical and echocardiographic correlates in the community-based FHS (Framingham Heart Study) Offspring Cohort. 26 In the current investigation,
we related LAFI to incident AF and CVD in FHS Offspring participants and assessed its incremental contribution to prediction of these outcomes.
Methods
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Sample
The Framingham Offspring Study is a longitudinal, communitybased cohort study. 27 Starting in 1971, the children of the AF indicates atrial fibrillation; CVA, cerebrovascular accident; CVD, cardiovascular disease; HDL, high-density lipoprotein; TIA, transient ischemic attack. *Incident AF is reported for the participants who were free of AF at baseline. † Incident CVD is reported for the participants who were free of CVD at baseline).
Clinical Perspective
What Is New?
• This study investigated the prognostic significance of left atrial function index, a composite echocardiographic measure of atrial structural and functional remodeling in a medium-sized community-based sample.
• Left atrial function index impairment was associated with an increased risk of developing incident atrial fibrillation and cardiovascular disease, independent of validated clinical risk prediction scores and echocardiographic measures of adverse cardiac remodeling.
What Are the Clinical Implications?
• Although the left atrial enlargement is widely utilized clinically as a measure of left atrial remodeling, our findings suggest an independent association of impaired left atrial function index with adverse outcomes even in the presence of normal left atrial size.
• Left atrial function index can be measured using widely available 2-dimensional echocardiography.
original cohort of the FHS and their spouses were enrolled and have been evaluated every 4 to 8 years. Transthoracic echocardiography was performed in 2888 participants with digital image acquisition during their eighth examination cycle (2005) (2006) (2007) (2008) . 28 After excluding participants with absent or poor imaging of the atrium (n=1093), and moderate to severe or greater degrees of mitral regurgitation (n=9), 1786 participants remained eligible for the present analysis. Characteristics of FHS participants who were included in comparison with those excluded are presented in Table 1 . For incident AF outcome analyses, participants with history of baseline AF were excluded, whereas for CVD outcome analyses, the participants with history of baseline CVD were excluded. Methodology for the ascertainment of cardiovascular risk factors, CVD, and AF are presented in Data S1. The protocol for the FHS Offspring Study was approved by the Boston University Medical Center Institutional Review Board, and all analyses were approved by the University of Massachusetts Medical School. All participants provided written informed consent.
Echocardiographic Measurements
Routine M-mode and 2-dimensional echocardiography were performed at the eighth examination cycle using a standard protocol as described previously. 28 M-mode measurements were made using the leading-edge technique, and the final measures were derived by averaging the measurements over ≥3 cardiac cycles. For the current investigation, we used the following end-diastolic M-mode measurements in the parasternal long axis view: LV septal wall thickness (SWT d ), posterior wall thickness (PWT d ), LV internal diameter (LVID d ), and LA anteroposterior diameter (LAD). LV mass was calculated by using a previously validated formula: 0.8 [1.04 3 ]+0.6 g. 29 In the apical-2 chamber view, LV end-diastolic and end-systolic volumes were measured using Simpson's method. Stroke volume was calculated as (LV end-diastolic volumeÀLV end-systolic volume), and LV ejection fraction was calculated as (Stroke volume/LV enddiastolic volume)9100. LV outflow tract (LVOT) diameter was measured in the parasternal long-axis view. 30 LVOT velocitytime integral (LVOTÀVTI) was calculated by dividing the stroke volume by LVOT area (3.149(LVOT diameter/2) 2 ).
Echocardiographic image acquisition was performed with settings optimal for LV assessment. For LA volume measurement, 2 sonographers converted saved images into a digital format. The Digisonics DigiView System Software (version 3.7.9.3; Digisonics Inc, Houston, TX) was then used by 1 of 2 FHS sonographers to measure LA volumes. Maximum and minimum LA volumes (LAmax, LAmin) were derived by 
Statistical Analyses
The study sample was divided into 4 groups based on LAFI, with quartile 1 (Q1) having the lowest LAFI values and quartile 4 (Q4) having the highest LAFI values. Because women have higher LAFI, 26 we generated sex-specific LAFI quartiles based on previously observed distributions of LAFI among men and women. Baseline characteristics of study participants are presented as meansAESD for continuous variables and as numbers and percentages for nominal variables across each LAFI quartile. Natural logarithmic transformation was performed for the variables with skewed distribution (LV ejection fraction and LV mass). Scatter plots were generated to depict the correlation of LAFI with LAD, LAmax index, LV ejection fraction, and LV mass. We used Cox proportional hazards regression models to study associations between LAFI and incident AF or CVD. The assumption of proportionality of hazards was confirmed for each model. The Fine and Grey subdistribution method was used to adjust the Cox proportional hazards models for competing risk of death. 32 The CHARGE-AF risk model used in our analyses were previously validated using the Framingham Offspring Cohort as predictors of incident AF. 33, 34 For CVD, we utilized the 10-year FHS-CVD model, which has previously been validated as a predictor of CVD in the FHS-Offspring cohort. 35 We opted to use the FHS-CVD model instead of the contemporary American College of Cardiology and American Heart Association's 10-year pooled risk model 36 because the pooled risk model only estimates the risk of coronary death, nonfatal myocardial infarction, and nonfatal stroke, whereas our CVD outcome also included coronary insufficiency, angina, transient ischemic attack, intermittent claudication, and heart failure, in addition to coronary death, nonfatal myocardial infarction, and nonfatal stroke. Because of our sample size and to reduce the risk of overfitting our models, we adjusted for each individual's predicted risk score as a covariate instead of the individual component variables in the regression models. Two models were generated to examine the associations between LAFI and AF. In model 1, we adjusted for CHARGE-AF risk and in model 2 we adjusted for CHARGE-AF risk as well as LV mass and ejection fraction. LAFI quartiles were included as categorical variables in all models, and the hazards of AF were calculated utilizing the highest quartile of LAFI as the reference. In these models, only participants free from AF were included (n=1638). Two separate models were created to examine the associations between LAFI and CVD. In model 1, we adjusted for FHS-CVD risk and in model 2 we adjusted for FHS-CVD risk score as well as LV mass and ejection fraction. In CVD-specific models, only participants free from CVD were included (n=1501). Kaplan-Meier curves were generated for both AF and CVD outcomes by quartile of LAFI.
To further refine our understanding of LAFI and its relation to relevant clinical outcomes in select subgroups, we examined relations between LAFI and incident AF or CVD in 2 subgroups: (1) those free from both AF and CVD and (2) those with normal LA volume index (LA volume index <34 mL/m 2 ; n=1298). 31 For both subgroups, we performed secondary analyses using proportional hazards regression analyses similar to those used in other analyses. We examined the incremental benefit of LAFI, LAD, or LAmax index to existing clinical risk prediction tools for prediction of AF and CVD, respectively, by examining change in model discrimination based on Cox proportional hazards regressions models including the appropriate clinical prediction models after addition of LAFI, LAD, or LAmax index. We compared model discrimination using the Nam and D'Agostino C-statistic. 37 We also calculated categorical net reclassification improvement, and Integrative Discrimination Index to measure the incremental discrimination by addition of LAFI, LAD, or LAmax index to the clinical prediction models. 38 Categories for net reclassification improvement were defined a priori as tertiles of clinical risk (lowest, intermediate, and highest) for both AF and CVD as estimated by CHARGE-AF and FHS-CVD risk prediction models. Finally, we also assessed model calibration using the Akaike information criterion. 39 A P value of <0.05 in 2-tailed tests was considered statistically significant. All statistical analyses were performed using SAS (v9.3; SAS Institute Inc., Cary, NC) and SPSS (version 24; IBM SPSS, Chicago, IL) software.
Results
Baseline demographic, clinical, and echocardiographic characteristics of the study sample are presented by LAFI quartile in Table 2 . Participants included in our analyses were middleaged to older adults (mean age, 66AE9 years; 54% women), and the mean LAFI for the overall cohort was 34.5AE12.7. Excluded participants were more likely to have a larger body mass index, reflecting the difficult atrial imaging for larger individuals (Table 1) . For included participants, those with LAFI measures in the lowest quartile (Q1) were older, had a greater burden of cardiovascular and AF risk factors (including diabetes mellitus and hypertension), and were more likely to have prevalent AF and CVD when compared with participants with LAFI values in the highest quartile (Q4). Predicted risk for incident AF and CVD by clinical prediction models was higher for the participants in Q1 when compared with Q4 participants. 
Association of LAFI With Incident AF
Over a median follow-up of 8.3 years (interquartile range, 7.5-9.1), 145 participants developed new-onset AF. In a Cox proportional hazards model adjusting for CHARGE-AF risk, participants with LAFI values in Q1 were 3.8-fold more likely to develop AF compared with participants in the Q4 (model 1, Table 3 ). Even after adjustment for their CHARGE-AF risk score, echocardiographic LV mass, and ejection fraction (model 2, Figure 6 ). Despite its poor correlation with LAFI, LAD was associated with incident AF and CVD (Tables 5 and 6 ). 
Improvement in Risk Prediction by Clinical Prediction Models With Addition of LAFI, LAD, and LAmax index
In Cox-proportional hazards models, CHARGE-AF score demonstrated excellent performance for predicting AF in our sample (C-statistic=0.733). Despite the association of LAFI and LAD with incident AF in models including CHARGE-AF score, neither the addition of LAFI nor LAD significantly improved risk prediction models (C-statistic difference=À0.031 for LAFI and À0.009 for LAD; Table 7) . Similarly, the addition of LAmax index to CHARGE-AF score (Table 8) . When LAFI, LAD, or LAmax index was added to a baseline risk model with CHARGE-AF risk score and other echocardiographic variables (LV mass and ejection fraction), there was no significant improvement in AF risk discrimination (Table 9) . For CVD prediction, 10-year FHS-CVD risk also demonstrated good performance for predicting CVD events in our sample (C-statistic=0.682). We observed no significant change in C-statistic with addition of LAFI, LAD, or LAmax index to clinical prediction models (C-statistic change=0.004 for LAFI, À0.004 for LAD, and 0.004 for LAmax index; Table 7 ). Furthermore, there was no significant reclassification of CVD risk prediction by clinical prediction models with the addition of LAFI, LAD, or LAmax index. We observed minimal change in Akaike information criterion with the addition of LAFI, LAD, or LAmax index to the clinical prediction models (4-point reduction with addition of LAFI, 48-point reduction with addition of LAD, and 8-point reduction with addition of LAmax index). C-statistic of LAFI alone for prediction of CVD was 0.583, whereas the C-statistic values for LAD and LAmax index were 0.595 and 0.605, respectively (Table 8) .
Discussion
In our prospective analysis of a community-based sample, LAFI was associated with incident AF and CVD, which persisted after adjustment for clinical prediction scores and echocardiographic measures associated with AF and CVD, respectively. LAFI remained associated with AF and CVD among those with normal LA size, supporting the hypothesis that measure of LA functional impairment adds to prediction of AF and CVD events beyond LA structure. LAFI, however, did not improve the model discrimination or reclassification of the risk for either AF or CVD predicted by clinical risk estimators. Similar to LAFI, LAD was associated with incident AF and CVD events and was measurable in the majority of participants with echocardiographic images suboptimal for the measurement of LA volumes, suggesting that LAD remains a valid and clinically relevant marker of LA remodeling and cardiovascular risk. 2 Similar to LAFI, LAD and LAmax index failed to improve the performance of the clinical risk prediction models for AF or CVD.
LAFI as a Composite Echocardiographic Marker of LA Remodeling
LA volume indexed to body surface area (LAmax index) is currently recommended by consensus guidelines for assessment of LA structure. 31 LA emptying fraction and emptying volume have also been examined as measures of LA reservoir function. 1 Compensatory changes in LA function might occur with change in LA size. 40 Furthermore, LV systolic function is associated with LA reservoir function. 20 LAFI is a composite echocardiographic measure that adjusts LA function for LA size, and attempts to isolate atrial remodeling from the ventricular systolic function by incorporating LV stroke volume (LVOT-VTI). 21 Thus, LAFI may be better able to account for both structural and functional LA remodeling than other echocardiographic measures when they are considered in isolation. higher hazards of incident AF, even after adjustment for clinical AF risk (CHARGE-AF risk) 33 and the measures of LV remodeling (mass and ejection fraction). Similarly, increase in LAD was significantly associated with AF in models analogous to the LAFI models. However, the addition of LAFI, LAD, or LAmax index to the models with CHARGE-AF risk score did not lead to a significant improvement in AF risk prediction, likely because of the excellent overall performance of the clinical AF risk prediction model in our sample and perhaps also related to the moderate sample size. CHARGE-AF risk is based on clinical and electrocardiographic associates of incident AF (such as age, smoking, weight, height, hypertension, diabetes mellitus, and prevalent CVD). 33 Our results suggest that LAFI detects subtle structural and functional LA derangements resulting from higher intensity or duration of exposure to clinical AF risk factors among individuals exposed to these risk factors. Although the C-statistic of LAFI alone for prediction of AF was significantly lower than CHARGE-AF risk score, we noticed improvement in model fit (38-point reduction in AIC) with addition of LAFI to the baseline CHARGE-AF model. Our findings suggest that LAFI adds prognostic information to the clinical risk model, but does not reclassify the risk of incident AF. Of note, LAD was measurable in the majority of participants with image quality suboptimal for the measurement of LA volumes (and LAFI) and was associated with AF. Our findings suggest that LAD should still be considered a clinically relevant marker of atrial remodeling. Our observation that LAFI relates to AF among those with normal LA size would suggest that LAFI may represent an attractive intermediate phenotype to consider in addition to clinical factors for studies examining the effects of novel therapies to reduce or slow pathological LA remodeling and prevent AF. Consistent with the past literature, we observed that LAFI was associated with incident CVD, overall and among those with normal LA volume, even after adjustment for clinical and echocardiographic CVD risk factors. An increase in LAD was similarly associated with an increased risk of CVD. However, similarly to the AF models, addition of LAFI, LAD, or LAmax index to the clinical CVD risk prediction models did not improve model discrimination or reclassification of predicted CVD risk, again likely related to the excellent performance of the FHS-CVD risk prediction instrument in our moderately sized sample.
LA Remodeling and Incident AF

Strengths and Limitations
The results from our study should be analyzed in the context of its strengths and weaknesses. We utilized data from a medium-sized, community-based sample with rigorous CVD risk factor and end point adjudication to examine associations between an echocardiographic measure of LA remodeling (LAFI) with incident AF and CVD events. However, our study has several limitations. First, our sample was comprised largely of participants of white ancestry and the application of our results to the participants of other ethnicities needs further investigation in multiethnic samples. Second, we utilized 2-dimensional echocardiography to measure LA volumes, which have lower correlation with magnetic resonance imaging-measured volumes than those measured by 3-dimensional echocardiography. 44 However, imaging time and the lack of large studies with normative values limit the widespread clinical use of 3-dimensional echocardiography currently. Future studies should assess the prognostic value of LAFI derived from 3-dimensional echocardiography in community-based cohorts. Third, although we adjusted for LV 
Conclusions
In this investigation including data from participants in a medium-sized, community-based sample with echocardiographic imaging and rigorously adjudicated AF and CVD events over an 8-year follow-up period, we observed strong associations between LAFI, incident AF, and incident CVD in adjusted models. Our findings suggest that LAFI captures subtle and clinically relevant pathological changes in LA structure and function. Our study findings also support the notion that LAD and LAFI sit along the causal pathway from risk factor exposure to AF and CVD. Future studies should validate our findings in large, multiethnic cohorts with longitudinal follow-up for AF and investigate whether LAFI can be used to better target individuals at high clinical risk for AF for further monitoring or AF prevention. SUPPLEMENTAL MATERIAL Data S1.
Ascertainment of Prevalent Cardiovascular Risk Factors
During each examination cycle, participants undergo a physician-administered medical history and cardiovascular-targeted physical examination, 12-lead electrocardiography and phlebotomy for assessment of CVD risk factors. 1,2 For our study, left ventricular hypertrophy on electrocardiogram was defined using voltage-based criteria previously described. 3 The PR interval was measured from the beginning of the P-wave to the end of the PR segment. Body mass index was calculated by dividing the weight in kilograms by the square of height in meters.
The participants who reported smoking ≥1 cigarettes on a daily basis during the year preceding their Heart Study examination were considered current smokers. Participants were categorized to have hypertension if they had a systolic blood pressure ≥140 mmHg and/or a diastolic blood pressure ≥90 mmHg and/or were taking antihypertensive medications. 4 Diabetes was defined as fasting plasma glucose ≥126 mg/dL and/or use of medications for lowering blood sugar. Cohorts for Heart and Aging Research in Genomic Epidemiology-AF (CHARGE-AF) risk and 10-year FHS-CVD risk were calculated using formulae previously validated in the Framingham Offspring Cohort.
4, 5
Ascertainment of AF Events
The 12-lead electrocardiograms obtained during the FHS examination and from all inpatient and outpatient medical records were reviewed to ascertain for AF. Also, telemetry data obtained during hospitalizations was adjudicated for the presence of AF. In addition, inpatient telemetric data were adjudicated for possible AF. Potential AF cases were adjudicated by 2 or more FHS cardiologists. 6 The participants were considered to have AF if a diagnosis of AF was made on any FHS or clinically obtained electrocardiogram, telemetry recordings, on a Holter monitor recording, or if a diagnosis of AF was documented by a treating physician in the hospital records.
Ascertainment of CVD Events
A committee comprised of three physicians reviewed the all pertinent medical records, including emergency and hospital notes, consultations, and outpatient visits and adjudicated CVD outcome events using previously published criteria. 7 Events included in the composite CVD outcome included fatal or non-fatal coronary insufficiency, angina, myocardial infarction, transient ischemic attack, ischemic stroke, hemorrhagic stroke, intermittent claudication, heart failure, and cardiovascular death, as has previously been reported.
8-10
Definitions of CVD events
Angina Pectoris
Angina was defined by presence of brief recurrent episodes of chest discomfort (up to 15 mins in duration), precipitated by emotional stress or exertion, and relieved by rest or nitroglycerine.
Coronarv Insufficiency
Coronary insufficiency was defined by presence of prolonged ischemic chest pain (more than 15 mins), with concomitant presence of transient ischemic ST segment and T wave changes on electrocardiogram, but with lack of Q waves on electrocardiogram or election of serum biomarkers of myocardial damage.
Myocardial Infarction
A myocardial infarction was determined to be present when 2 of 3 following findings were present in the medical record: (1) symptoms suggestive of cardiac ischemia; (2) increase in biomarkers of myocardial damage; and (3) serial changes in electrocardiograms suggesting the evolution of infarction. Old myocardial infarction was defined by the presence of a stable electrocardiographic changes including either a pathologic Q wave or loss of precordial R waves.
An acute, new, or recent myocardial infarction documented in an autopsy report was also accepted as the evidence of a myocardial infarction.
Intermittent Claudication
Intermittent claudication was defined as presence of cramping discomfort in the calf that was clearly precipitated by walking some distance and relieved by a few minutes of rest. Symptoms were assessed using the standard structured forms by the study physicians for the uniformity of assessment. Additionally, a second study physician confirmed all the cause of suspected claudication during the examination.
Heart Failure
Congestive heart failure was defined by the concurrent presence of minimum of 2 major or 1 major and 2 minor criteria. Other conditions capable of producing the symptoms and signs were considered while evaluating the findings.
Major criteria: Arbitrary major or minor criterion: Weight loss (ten pounds or more in five days) while on therapy for congestive heart failure.
Stroke
The criteria for defining stroke included abrupt onset of a localizing neurologic deficit (such as hemiplegia, aphasia, homonymous hemianopia) lasting for more than 24 hours in duration. A neurologist and study physician reviewed hospital and clinic records to determine the presence and to differentiate the type of stroke (ischemic Vs. hemorrhagic).
Transient Ischemic Attack
A documented localizing neurologic deficit lasting for less than 24 hours in duration was considered a transient ischemic attack.
Cardiovascular Death
Death certificate, hospital, autopsy, and pathology records were reviewed by a panel of study physicians to ascertain the cause of death. Cardiovascular death was designated when the responsible cause was considered to be either coronary heart disease (angina pectoris, coronary insufficiency, myocardial infarction, intermittent claudication, congestive heart failure, stroke, or transient ischemic attack).
Inter-observer and Intra-observer Variability in Measurement of LA volumes
To reduce the inter-and intra-observer variability in LA volume measurement, serial quality control iterations were performed. Both sonographers measured LAmax and LAmin for 20 randomly selected participants during each iteration cycle. Sonographers received training for LA volume measurement between serial iterations. Intra-observer and inter-observer coefficients of variation were less than 5% for both LAmax and LAmin. If images were deemed suboptimal for the measurement of LA volume (endocardial borders not well visualized, posterior wall of LA was not visualized, or recorded cardiac cycles contained a premature beat), the sonographer coded the measure as "inadequate". LA volumes were then reviewed by a second sonographer or a study investigator (DDM) to confirm. Of note, the M-mode image quality was optimal for LAD measurement in nearly all of the included and excluded participants ( Table 1) .
